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INTRODUCTION 
Fatigue would often cause serious darnage in materials and fracture a11 of sudden[l]. 
In many studies, however, it has been investigated that the darnage has gradually induced the 
change of material properties and led to final fracture. As a method to detect the progressive 
change, the uhrasonie technique has been widely applied over decades because o,f 
comparatively simple and easy instrumentation [2-6]. In these applications, the uhrasonie 
attenuation and velocity have been measured with contacting ultrasonic transducers. These 
measurements have shown that the attenuation increased linearly at first and rose rapidly at 
about 7ü-80 percent of fatigue life [ 4, 5]. However, it is considered the attenuation changes 
measured using a contacting transducers can 't exactly reflect the fatigue darnage because the as-
measured attenuation also includes the damping through the transducer, the couplant and the 
buffer, the reflection and transmission losses at the interface, and the energy leakage into the 
transducer. 
In recent years, the electromagnetic acoustic resonance (EMAR) [7 -1 0] has been 
applied to the nondestructive inspection and determination for materials characterization. The 
EMAR is a combination of the resonant technique and a noncontact electromagnetic acoustic 
transducer (EMAT). The combination fairly improves the signal-to-noise ratio, 
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compensates for the weak coupling efficiency of the EMAT. Furthermore, this technique 
can accomplish evaluating the absolute value of ultrasonic attenuation. There has been only a 
few studies, which intend to assess the fatigue darnage with this technique[11]. 
In this paper, we describe a monitoring tec1mique of fatigue darnage in pure copper 
plates under a cyclic 0-to-tension loading by the EMAR. We find that the attenuation is highly 
sensitive to the accumulated fatigue damage, showing a maximum around 25 to 35 percent of 
the whole life. This technique has a potential to assess the darnage advance and to predict the 
fatigue life of metals. 
SHEAR WA VE GENERATION BY EMAT 
In this study, the shear wave EMAT is applied(Fig. 1). It consists of a pair of 
permanent magnets, which have the opposite magnetization directions normal to the sample 
surface, and a spiral elongated coil. The shear wave is induced by the following mechanism. 
When an rf burst current is supplied to the coil placed close to a conducting material, eddy 
currents are generated in the surface of the material. These currents interact with the static 
magnetic field produced by a pair of permanent magnets and generate the Lorentz force upon 
electrons carrying the eddy currents. This force gives rise to the mechanical body force and 
generates a shearing vibration through the collision with ions or other transformation 
mechanism. Like in Fig.1, the Lorentz force is principally parallel to the surface and results in 
the polarized shear wave propagating in the thickness direction of the sample. The receiving 
principle is based on the reverse process of the generation. The effective area of the EMA T is 
14 x 20 mm2• 
Fy 
Figure 1. Operation of the shear wave EMAT. Lorentz forces, Fy, excites the shear wave 
propagation in the Z direction. 
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MEASUREMENT SYSTEM 
We measured the resonant frequencies and attenuation coefficients for the resonant modes 
with the superheterodyne spectrometer (Fig. 2). Wehave a several step to measure the pure 
attenuation within the material, which is independent of the measurement conditions including 
the EMAT used, the sample thickness, the surface condition, the liftoff, and the operator. 
First, a resonant spectrum is obtained by sweeping the frequency of the rf burst. Typical 
resonant spectrum for the copper plate of 5 mm thickness is shown in Figure 3. Second, the 
resonant frequency is determined from the center axial of the Loretzian function fit to the 
spectrum around the peak. Third, we measured the ringdown curve by driving the EMAT at the 
resonant frequency. Figure 4 shows the measured ringdown curve at the fifth mode (fs) shown 
in Fig 3. Finally, the attenuation coefficient is obtained by fitting an exponential decay to the 
ringdown curve and extracting the time constant. 
RITEC RAM-10000 
Computer 
Figure 2. EMAT-superheterodyne system for getting the resonant frequencies and the 
attenuation coefficients . 
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Figure 3. Measured resonant spectrum for the copper plate of 5-mm thickness with EMA T. 
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Figure 4. Measured ringdown curve of the fifth resonant mode f5 in Fig.3 and the fitring to an 
exponential decay. 
FATIGUE TEST 
Figure 5 shows the shape of the fatigue specimen of the commercially 99.99 % pure 
copper manufactured by bot rolling. The rolling direction was parallel to the longitudinal 
direction of the specimen. After being machined, the specimens were fmished by huffing and 
then annealed at 200'C for an hour. Furthermore, they were electropolished around the 
center area of 30 x 35 mm2 to observe the change of the surface condition during fatigue with 
replica films. The mechanical properties is as follows; 0.2 % proof stress is 226 MPa, ultimate 
tensile strength 264 MPa and elongation 59.5 % . 
The stress cycling was carried out by 0-to-tension cyclic Ioad, being parallel to the 
rolling direction. We chose three conditions of stress amplitudes Acr tobe 115, 110 and 105 
MPa at a frequency of 10Hz and the stress ratio of around zero 
The monitoring of fatigue darnage with EMAR was carried out by periodically 
interrupting the fatigue test. The EMAT was placed on the center area of the specimen. The 
shear wave with the parallel or normal polarization to the cyclic Ioad propagates back and forth 
within the thickness of the specimen. 
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Figure 5. Test specimen. 
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RESUL TS AND DISCUSSION 
We measured the resonant frequencies for the range of 1 to 5 MHz and their 
attenuations during the fatigue tests of pure copper plates. Figure 6 displays the frequency 
dependence of the attenuation at N /Ne= 0, 0.25 and 0.825, where N/Nc is the number of 
cycles relative to the total cycles to failure. The stressamplitudewas ACJ = 115 MPa and the 
polarization of shear wave was parallel to the cyclic load. We observed that the attenuation a 
always increases with the resonant frequency, but the feature changes in the course of the 
fatigue advance. In Figure 7, we plotted the attenuation change a near 2, 3 and 4 MHz under 
ACJ = 115 MPa. The attenuation a initially increases as the progress offatigue and shows a 
maximum value around N/Nc = 0.25. After this, a returns to the gradual trend of increase with 
N. Two polarizations of shear wave show the similar behavior. The higher frequency, the 
higher the attenuation peak. The maximum value of attenuation is three times !arger than the 
attenuation at N/Nc = 0. 
We also observed the change of a under the different stress amplitudes. Figure 8 
shows the attenuation evolution at the resonant frequency around 4 MHz under ACJ =115, 110 
and 105 MPa. The maximum values of a appear at around N/Nc = 0.25-0.35, which 
approximately is independent on the intensity of ACJ. In the existing work with contacting 
ultrasonic transducers, the attenuation increased linearly at frrst and changed to aceeierate at 
about 7ü-80 percent of the fatigue life [ 4, 5]. 
Furthermore, we annealed the sample at 200 'C for an hour after a showed the 
maximum value at ACJ = 105 MPa, to see the change of the attenuation at resonant frequency 
near 4 MHz. By annealing, the attenuation a drastically decreased from 0.07 to 0.052 (J.I.s-1) • 
We assumed that this decrease was induced by the fatigue recover resulted from annealing. 
It is then clear that the maximum values of a at around N/Nc = 0.25-0.35 was caused by the 
change of microstructural attributes including dislocations. 
We observed the surface condition with replica film at the same time. In this case, 
the number of stripes including slip bands, microcracks was counted with optical microscope. 
Figure 9 shows the evolution of the attenuation and the stripe density (the number of the stripes 
per mm2 ). Until the density rapidly increases at N/Nc = 0.3, a exhibits the gradual trend of 
increase with N. The value of N/Nc when the rate of the stripe density increase becomes 
slower coincides with N/Nc at which a takes a maximum values. We interpret that these 
changes of the attenuation during the fatigue life were mainly caused by the changes of the 
microstructure and the surface conditions. We, however, need further study from the 
microstructural viewpoint. 
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Figure 6. Frequeney dependenee of attenuation from 1 to 5MHz at N/Ne=O, 0.25 and 0.825 
(Ne= 41250 eycle). 
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Figure 7. Attenuation ehange at the resonant frequencies, around 2, 3 and 4 MHz under 
d0'=115MPa. 
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Figure 8. Attenuation change at a resonant frequencies near 4 MHz under .1cr= 105, 110, and 
115 MPa. 
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Figure 9. Relation between the attenuation change near 4 MHz and the stripe density on the 
surface under .1cr = 105 MPa. 
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CONCLUSION 
Fatigue darnage in pure copper plates under cyclic a 0-to-tension loading was 
monitared by the method of EMAR. Ultrasonic attenuation demonstrated a highly sensitivity 
to the fatigue darnage progress. The attenuation showed a maximum around 25 to 35 percent of 
the whole life, which was independent of the cyclic stress range. These features were caused 
by the change in the microstructure and the surface condition. This technique has a potential 
to assess the darnage advance and to predict the fatigue life of metals. 
The mechanism that caused the maximum value of attenuation at around 25-35 percent 
of the whole fatigue life and the relation between the metallurgical aspects and the attenuation 
evolution are currently under investigation. 
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